In all eukaryotes, the heterohexameric MCM2-7 complex functions as the main replicative helicase during S phase. During early G 1 phase, it is recruited onto chromatin in a sequence of reactions called pre-replication complex (pre-RC) formation or DNA licensing. This process is ATP-dependent and at least two different chromatin-bound ATPase activities are required besides several others essential, but not enzymatically active, proteins. Although functionally conserved during evolution, pre-RC formation and the way the MCM2-7 helicase is loaded onto DNA are more complex in metazoans than in single-cell eukaryotes. Recently, we characterized a new essential factor for pre-RC assembly and DNA licensing, the vertebrate-specific MCM9 protein that contains not only an ATPase but also a helicase domain. MCM9 adds another layer of complexity to how vertebrates achieve and regulate the loading of the MCM2-7 helicase and DNA replication.
Pre-RC Assembly and Replication Control
In order to assure a strict once per-cell cycle replication of the genome, eukaryotic cells timely separate licensing DNA for replication from the actual DNA synthesis. Setting and licensing of replication origins through the assembly of pre-RCs on chromatin is possible exclusively when levels of CdK activity are low, as at mitosis exit and during G 1 phase. Conversingly, the subsequent conversion of pre-RCs into active replication forks at the onset of S phase necessitates high levels of CdK activity, which block de-novo pre-RC assembly during the same cell cycle (reviewed in ref. 1) . Besides oscillating levels of CdK activity, several other essential mechanisms exist to block pre-RC assembly and re-initiation of replication once S phase has started. Interestingly, their number increases with the complexity of the genomes during evolution.
The Cdt1 Protein at the Core of Licensing Regulation
The first proteins that bind to DNA during pre-RC assembly are the six members of the ORC (Origin Recognition Complex) complex. They are followed by CDC6, which, like ORC, is an AAA + type ATPase. After this step, Cdt1 binds to the forming pre-RC. This platform, composed of ORC, CDC6 and Cdt1 (which at least in early embryonic cell cycles is already complexed to the protein geminin) recruits then the MCM2-7 helicase onto chromatin. Cdt1 plays a key role in this process since its overexpression or sustained activity after licensing in G 1 is sufficient to override the once-per-cell cycle control of DNA replication, leading to re-formation of pre-RCs in S phase and concomitant re-replication, DNA damage and genomic instability. [2] [3] [4] Indeed, Cdt1 is the only pre-RC protein encoded by an oncogene. 5 This potential oncogenic activity of Cdt1 may explain why the protein is regulated by a variety of means. Whereas Cdt1 inactivation by phosphorylation and degradation in S phase is employed by all eukaryotes to block its licensing activity, metazoans possess in addition the protein geminin that, by interacting with Cdt1, inhibits its MCM2-7 recruiting function. 6, 7 Recently, we have identified and characterized MCM9 as a new essential Cdt1-interacting protein that contains both an ATPase-and a complete helicase domain. 8 The discovery of a potential helicase activity in a protein associated with Cdt1 opens up new perspectives on how loading of the MCM2-7 complex during pre-RC formation could be mechanistically achieved and regulated.
The MCM2-7 Loading Platform
Several members of the ORC complex and CDC6 are ATPases and, together, they are believed to form the enzymatically active core of the "MCM2-7 loading platform". Despite the fact that CDC6 binds to chromatin after and dependently on ORC, its ATP hydrolysis step preceeds the ATP hydrolysis of ORC during a MCM2-7 loading cycle. [9] [10] [11] Mechanistically not understood is the fact that an "association state" of MCM2-7 on chromatin is observed even without preceeding ATP hydrolysis. However, this binding is salt-sensitive and not functional. Stable, functional and iterative loading of the helicase is in contrast strictly dependent on sequential CDC6 and ORC ATPase functions. Cdt1
www.landesbioscience.com Cell Cycle 2 also is required for MCM2-7 loading, although it is devoid of enzymatic activity. Its role on chromatin, but not its binding to chromatin, 4, 12 is controlled or blocked by the cell cycle regulator geminin. 7 It was assumed that Cdt1 made possible the contact between ORC/CDC6 and the MCM2-7 complex because, in in vitro assays (and in vivo in yeast), Cdt1 can directly interact with the MCM2-7 helicase. 4, 13, 14 However, it was not clear yet how the Cdt1/geminin module fitted in the mechanism of the MCM2-7 loading platform. Our recent characterization of MCM9 and its complex formation with Cdt1 adds to the vertebrate pre-RC a new member that possesses not only a complete ATPase motif, but also a helicase domain. To integrate MCM9 in pre-RC formation, we have hypothesized that ORC and CDC6 could first use ATP for chromatin remodeling activities in order to shape the origin-DNA for the subsequent action of the Cdt1/MCM9/geminin module. This module could then provide a helicase activity to the platform necessary for the ATP-dependent, stable loading of the MCM2-7 complex onto the replication origin in a functional, salt-resistant and irreversible way. Since the MCM2-7 complex itself is not active as a helicase before the onset of S phase, MCM9 might therefore constitute a G 1 -phase helicase that, in synchronization with ORC/CDC6 and Cdt1, opens up the double strand-likely only very locally-to load MCM2-7 complexes for replication fork movement later in S-phase.
Mechanistically important, once MCM2-7 complexes are loaded, ORC, CDC6 and Cdt1 can be easily removed from chromatin by a salt wash. In contrast, MCM2-7 complexes (and similarly MCM9) are salt-resistant bound till the end of S-phase. If MCM9 represents a new factor needed to load the MCM2-7 helicase onto chromatin in an irreversible and energy-dependent way, it is tempting to postulate also the existence of factors that may actively unload MCM2-7-complexes at the end of replication once the unwinding process is done.
The Cdt1-Geminin-MCM9 Interplay
In metazoans, Cdt1 is negatively regulated by geminin. Whereas in normal cells geminin levels are low during licensing in G 1 phase and high in S phase/G 2 , in early embryonic cells its levels remain high throughout the entire cell cycle. In Xenopus egg extracts, an exogenous excess of geminin associates immediately with Cdt1 and blocks MCM2-7 recruitment onto chromatin and subsequent DNA replication. It can therefore be asked why, during early embryonic development, Cdt1 is not blocked by geminin already in G 1 phase before loading of the MCM2-7 complex and beginning of S phase. One model claims that at mitosis exit, geminin is modified by ubiquitin and therefore unable to associate with Cdt1. 15, 16 However, the large majority of geminin is not ubiquitinylated at mitosis exit. We have shown that, already during licensing in G 1 , Cdt1 is bound to geminin, but the existence of this complex does not block Cdt1 activity. 4 We thus suggested that the stoichiometry by which geminin binds to Cdt1 determines if Cdt1 is blocked or not, acting as an ON/OFF switch on origins. Importantly, in our recent characterization of MCM9, we have shown that MCM9 interaction with Cdt1 limits geminin binding to Cdt1 on chromatin and, as a consequence, the MCM9/Cdt1 module might allow Cdt1 activity during G 1 -phase. Thus, Cdt1 seems to function as an important factor to regulate the licensing machinery. In turn, it is controlled by a finely tuned interplay between MCM9 and geminin and possibly aditional factors yet to be identified. Here, we show that MCM9 is a rather unstable protein. In interphasic egg extracts, most MCM9 is degraded before the levels of other pre-RC proteins decrease (Fig. 1A) . In addition, the two Cdt1-regulating proteins MCM9 and geminin are much more stable in mitotic than interphasic egg extracts and seem to be downregulated in a similar fashion upon mitosis exit of the extracts triggered by addition of calcium (Fig. 1B, left  and middle) . Interestingly, degradation of MCM9 in egg extracts appears to be Caspase 3-dependent, just as reported recently for geminin 17 (Fig. 1B, right) . Furthermore, like other key components of the pre-RC, such as Cdt1 or the MCM2-7 complex, MCM9 is hyperphosphorylated in mitosis (Fig. 1C) .
The Increasing Complexity of the Pre-RC in Evolution
Why loading a helicase onto replication origins needs so many proteins? In yeast, ORC, CDC6 and Cdt1 (which shares only very limited homology with the metazoan Cdt1) are sufficient to load the MCM2-7 complex onto chromatin and the Cdt1-regulatory proteins geminin and MCM9 are not present in this organism.
The requirement of a much more sophisticated regulation to integrate DNA licensing and replication within the diverse cycling and differentiating states of cells in a complex organism might explain the increased complexity of pre-RCs in metazoans. Multicellular organisms pursue a developmental program during which cells change their identity, exit the cycle, re-enter the cycle or keep on dividing. In addition, in higher eukaryotes, no clear DNA consensus sequences for origin assembly have been found. Chromatin organization and epigenetic factors appear to be prominent for choosing replication initiation sites throughout the genome of multicellular organisms. We also know that at least a subset of DNA replication origins change their position on chromatin during embryogenesis and cell differentiation. 18, 19 Finally, the timing of activation of replication forks appears to be linked also to gene expression and differentiation programs. 20 Further investigation on how origins of DNA replication are choosen and activated in complex eukaryotes might thus unveil additional factors involved in the licensing-and origin activation system. Since MCM9 is only found in organisms that execute a complex developmental program, we speculate that this protein could be directly involved in these processes.
Interestingly, when plotting the conservation of proteins involved in replication initiation against the evolutionary distance amongst species, the central unwinding activity (i.e., the MCM2-7 complex) is the most conserved, as it is true for PCNA, a factor required for elongation ( Fig. 2A) . Less conserved are factors involved in licensing, the essential ATPases ORC and CDC6. Weakly conserved is the "regulatory" and enzymatically inactive Cdt1 protein, which is absent in Archeae. Finally, geminin is very weakly conserved between vertebrates and Drosophila and does not exist in yeast or in Archeae. MCM9 seems not to be present is not yet clear how a DNA replication origin is selected and recognized by the licensing machine in metazoans. We foresee that new regulating factors will be identified that modulate the activity of the licensing platform and position the metazoan pre-replication complex.
Materials and Methods
Xenopus egg extracts. Egg extracts were prepared as described before. 6, 22, 23 After thawing, extracts were supplemented with an energy regeneration system (10 μg/ml creatine kinase, 10 mM creatine phosphate, 1 mM ATP and 1 mM MgCl 2 ). Mitotic egg extracts were activated into interphase by addition of 1 mM CaCl.
in Drosophila, but exclusively in vertebrates. Importantly, whereas the sequence of its ATPase-and helicase-containing N-terminal part (the first 600 amino acids) is well conserved from man to frog (78% identity), that of the C-terminal part is much less (25% identity). 21 No known protein domains or motifs were found therein and it will be interesting to investigate the significance of this C-terminus. The weak conservation of the C-terminal part of MCM9 could mean that, during evolution, it has adapted very dynamically to the individual needs of licensing control in each species. This interpretation is strengthened by the presence of highly conserved stretches in this domain (Fig. 2B) .
After years of intense research, the majority of the proteins that are essential to load the MCM2-7 helicase onto chromatin have Red boxes mark highly similar stretches and orange boxes identify stretches with an elevated conservation.
